Bulk glassy Cu-Zr-Ti base alloys containing a small amount of Nb or Ta were found to exhibit high strength combined with significant plastic elongation. The glass transition temperature (T g ), crystallization temperature (T x ) and ∆T x (= T x − T g ) of the Cu-based bulk glassy alloys are in the range of 719 to 731 K, 765 to 769 K and 46 to 44 K, respectively, for the Nb-containing alloy and 716 to 741 K, 752 to 780 K and 44 to 34 K, respectively, for the Ta-containing alloy. With increasing Nb or Ta content to 3 at% for the (Cu 0.6 Zr 0.3 Ti 0.1 ) 100−x M x alloys, the Young's modulus, yield strength and compressive fracture strength increase from 114 to 121 GPa, 1785 to 2010 MPa and 2150 to 2250 MPa, respectively, and the plastic elongation shows a maximum of 1.8% at 1%Nb and 3.4% at 1%Ta. The 1%Ta alloy exhibited good combination of high fracture strength of 2250 MPa and large total elongation of 5.4%. The effectiveness of additional Nb or Ta on the increase in elongation and fracture strength is presumably due to the mixed state of atomic pairs with attractive and repulsive bonding natures among the constituent elements with significantly different atomic size mismatches. The success of forming the bulk glassy alloys with high strength and significant elongation is encouraging for future applications as high-strength type materials.
Introduction
Since bulk glassy alloys with a large supercooled liquid region before crystallization were formed in Mg 1) and lanthanide(Ln) 2) based alloy systems by copper mold casting in the late 1980's, much attention has been paid to the development of a new bulk glassy alloy and the clarification of fundamental properties of the bulk glassy alloys. For the last decade, a number of bulk glassy alloys in Zr, 3, 4) Ti, 5) Fe, 6) Pd-Cu, 7) Co 8) and Ni 9) based systems have been formed by various casting methods and the lowest critical cooling rate is as low as 0.06 K/s 10) and the largest diameter reaches about 80 mm. 11) Based on the alloy components in the bulk glassy alloy systems found before 1993, it has been pointed out that all bulk glassy alloys have the following three empirical rules for stabilization of supercooled liquid and formation of bulk glassy alloys, [12] [13] [14] [15] i.e., (1) multicomponent system consisting of more than three elements, (2) significant atomic size mismatches above about 12% among the main three components, and (3) suitable negative heats of mixing among the main elements. In the framework of the three component rules, we have succeeded in developing new Cu-based bulk glassy alloys in Cu-Zr-Ti, 16, 17) Cu-Hf-Ti, 17, 18) Cu-Zr-HfTi, 19) Cu-Hf-Ti-Y 20) and Cu-Zr-Ti-Be 21) systems. It has been reported that these Cu-based bulk glassy alloys have a large critical diameter of 5 mm in the case of copper mold casting and exhibit very high tensile fracture strength exceeding 2500 MPa. The tensile strength is believed to be the highest among all bulk metallic glasses. In the previous papers dealing with the new Cu-based bulk glassy alloys, we have pointed out that the bulk glassy alloys possess rather large compressive elongation of 2.3 to 3.3% in spite of the large compressive fracture strength of 2000 to 2130 MPa and the enhanced elongation is due to the existence of Zr-Ti and HfTi bonding pairs with nearly zero heat of mixing. It is important to confirm appropriateness of this new concept because a new bulk glassy alloy with much larger ductility may be formed by the extension of this concept. For this purpose, we have examined the influence of additional Nb or Ta element on the formation tendency, thermal stability and mechanical properties of the Cu-based bulk glassy alloys. This paper intends to present the maximum sample thickness, thermal stability and mechanical properties of the Cu-Nb-Zr-Ti and Cu-Ta-Zr-Ti bulk glassy alloys and to investigate the effectiveness of Nb or Ta on the increase in ductility.
Experimental Procedure
Multi-component Cu-based alloys with compositions of (Cu 0.6 Zr 0.3 Ti 0.1 ) 100−x M x (M=Nb or Ta) alloys were examined in the present study because the Cu 60 Zr 30 Ti 10 alloy had the highest glass-forming ability in the ternary system. The compositions represent nominal atomic percentages. The master alloys were prepared by arc melting pure Cu, Zr, Ti, Nb and Ta metals in an argon atmosphere. Bulk glassy alloy rods with diameters up to 3 mm were prepared from their alloy ingots by the copper mold casting method. The glassy structure was identified by X-ray diffraction and the absence of micrometer scale crystalline phase was examined by optical microscopy. Thermal stability associated with glass transition temperature (T g ) and crystallization temperature (T x ) was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The melting and liquidus temperatures were examined by differential thermal analysis (DTA) at a heating rate of 0.17 K/s. Mechanical properties in a compressive deformation mode were examined with an Instrontype testing machine at room temperature. The compressive stress-elongation curves were measured using a strain-gauge meter. The gauge dimension was 2 mm in diameter and 4 mm in height and the strain rate was 4.8 × 10 −4 s −1 . Fracture surface was examined by scanning electron microscopy (SEM).
Results
Bulk glassy alloys in the (Cu 0.6 Zr 0.3 Ti 0.1 ) 100−x Nb x and (Cu 0.6 Zr 0.3 Ti 0.1 ) 100−x Ta x systems were formed in the composition ranges up to 3%Nb or Ta. Figures 1 and 2 show the DSC curves of the Nb-and Ta-containing glassy alloys with a diameter of 2 mm. All the alloys exhibit a sequent phase transition of glass transition, supercooled liquid region and then crystallization. The T g and T x values increase with increasing Nb or Ta content and the sueprcooled liquid region defined by the difference between T g and T x , ∆T x (= T x − T g ) shows a maximum of 50 K at 2%Ta and 44 K at 2%Nb. All the bulk glassy alloys crystallize through two main exothermic peaks. The crystallization mode is in agreement with the Cu 60 Zr 30 Ti 10 glassy alloy of 2 mm in diameter. There is no distinct change in the double stage exothermic peak behavior with Nb or Ta content. Figures 3 and 4 show the compressive stress-elongation curves of the Nb-and Ta-containing bulk glassy alloys. It is noticed that all the bulk glassy alloys exhibit distinct plastic elongations of over 1% without distinct work hardening and the largest plastic elongation reaches 1.8% for the 1%Nb alloy and 3.4% for the 1%Ta alloy. Considering that the plastic elongation of the Cu 60 Zr 30 Ti 10 alloy is 1.6%, 17) the addition of Nb or Ta is effective for improvement of ductility. Figure 5 shows the Young's modulus (E), elastic elongation (ε e ), yield strength (σ y ), compressive fracture strength (σ c,f ) and compressive fracture strain (ε c,f ) as a function of Nb or Ta content for the Nb-and Ta-containing bulk glassy alloys with a diameter of 2 mm. As the Nb or Ta content increases, the E and σ y increase monotonously from 114 to 121 GPa and 1785 to 2010 MPa, respectively, in the range up to 2 at% and then become saturated in the range between 2 and 3 at%. On the other hand, the plastic elongation shows a maximum of 1.8 and 3.4 at 1 at%Nb and Ta, respectively and decreases with a further increase of Nb or Ta content. As a result, the σ c,f shows a maximum of 2250 MPa in the range from 1 to 2 at%Nb or Ta. It is noticed that the addition of Nb or Ta up to 2 at% causes an increase in plastic elongation accompanying an increase in E and σ y and the 2%Ta alloy possesses a large elastic elongation reaching 2.1% combined with high σ y of 2020 MPa. The final fracture after the plastic elongation of 3.4% also takes place along the maximum shear plane which is declined by about 50 degrees to the direction of applied load and the fracture surface consists of a developed vein pattern, as shown in Fig. 6 . The well-arrayed vein pattern along the slipping direction also indicates that the slipping amount on the maximum shear plane is significant. The total elongation of 5.4% consisting of elastic elongation of 2.0% and plastic elongation of 3.4% for the 1%Ta containing alloy is believed to be the largest value at room temperature in all glassy alloys without crystalline phase reported up to date. It is therefore important to examine the deformation behavior. Figure 7 shows the SEM image of the outer surface in the 1%Ta glassy alloy deformed up to 2.0% in plastic elongation. One can see a high density of deformation markings with a spacing smaller than about 2 µm caused by inhomogeneous slipping, indicating that the plastic deformation occurs rather homogeneously throughout the specimen even at room temperature. This result allows us to conclude that the addition of Ta causes a significant increase in the deformation sites.
Discussion
It is important to discuss the reason for the extremely large plastic elongation of 3.4% and the increase in the deformation sites for the 1%Ta alloy. We have previously pointed out that the mixed state of attractive and repulsive bonding forces among the constituent elements with significantly different atomic size mismatches enables us to synthesize Ni-based bulk glassy alloys with high strength and good ductility, as exemplified for high tensile fracture strength of 2800 MPa and high compressive strength of 3010 MPa for Ni 53 Nb 19 Zr 10 Ti 10 Co 5 Cu 3 . 22) In the present Cu-Zr-Ti-M (M=Nb or Ta) alloys, the addition of Nb or Ta generates the bonding pair of Cu-Nb or Cu-Ta with positive heats of mixing and Zr-Nb or Zr-Ta with nearly zero heat of mixing. As a result, the Cu-Zr-Ti-M glassy alloys can have the mixed state of attractive and repulsive bonding natures in the satisfaction of the significantly different atomic size mismatches among the constituent elements. The preferential ease of plastic deformation in the localized region consisting of the elements with repulsive and nearly zero bonding natures may be the origin for the significant plastic elongation exceeding 3% for the present bulk glassy alloys. The new concept of alloy designing for the achievement of significant plastic elongation for metallic glasses is important for the future development of bulk glassy alloys with good ductility because the lack of ductility has prevented the extension of application fields for the bulk glassy alloys. The further search for a new alloy component on the basis of the present concept is expected to yield a new bulk glassy alloy with high strength and much larger elongation.
Conclusions
We have examined the effect of additional Nb or Ta element on the formation, thermal stability and mechanical properties of Cu-based Cu-Zr-Ti bulk glassy alloys. The results obtained are summarized as follows.
(1) Bulk glassy (Cu 0.6 Zr 0.3 Ti 0.1 ) 100−x M x (M=Nb or Ta) alloys with a diameter of 2 mm were formed in the M concentration range up to 3 at% by copper mold casting.
(2) As the Nb or Ta content increases, the T g and T x increase in the range of 719 to 731 K and 765 to 769 K, respectively, for the Nb-containing alloy and 716 to 741 K and 752 to 780 K, respectively, for the Ta-containing alloy, while the ∆T x (= T x −T g ) shows a maximum of 50 K at 2%Nb and 44 K at 2%Ta.
(3) The E, σ y and σ c,f increase monotonously from 114 to 121 GPa, 1785 to 2010 MPa and 2150 to 2250 MPa, respectively, with increasing Nb or Ta content to 2 at%, while the total fracture elongation including elastic elongation (ε c,f ) shows a maximum of 3.6% at 1%Nb and 5.4% at 1 at%Ta, resulting in an maximum phenomenon of σ c,f , i.e., 2250 MPa at 2%Nb and 2250 MPa at 1%Ta. In particular, the 1%Ta alloy exhibits very good mechanical properties, i.e., high σ c,f of 2250 MPa and large ε c,f of 5.4%.
(4) The addition of Nb or Ta with zero or positive heats of mixing against the other constituent elements in the Cu-ZrTi system was concluded to be effective for the simultaneous achievement of high strength and large plastic elongation. 
